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REVIEWMicrostructure and Mechanical Properties of Austenitic
Stainless Steels after Dynamic and Post-Dynamic
Recrystallization TreatmentMarina Tikhonova, Rustam Kaibyshev, and Andrey Belyakov*The effects of dynamic and post-dynamic recrystallization (DRX and post-DRX)
on the microstructure and mechanical properties of austenitic stainless steels
are critically reviewed. Particularly, the paper is focused on the grain refinement
and strengthening by large strain deformation including severe plastic deforma-
tion conditions. The DRX and post-DRX microstructures are considered with
close relation to the operative recrystallization mechanisms. Specific emphasis
is placed upon two recrystallization mechanisms, that is, discontinuous and
continuous, and their dependence on the deformation/annealing conditions.
The relationships between DRX microstructures and processing conditions are
summarized and their effect on post-DRX behavior is clarified. The structural
strengthening mechanisms including the grain size and the dislocation density
are elaborated.1. Introduction
Austenitic stainless steels posses anumber ofbeneficial properties
related to technology and service. Their excellent workability and
corrosion resistance along with a good weldability underlie a wide
varietyofdiverseapplications fromkitchenstuff tomedicaldevices
and spaceship elements.[1,2] One of common disadvantages of
Cr–Ni austenitic stainless steels is associated with their insuffi-
ciently high strength as compared to other structural steels and
alloys. The yield strengths of conventional austenitic stainless
steels lie in the range of 200–400MPa.[3] Such a low strength level
restricts remarkably exploitation of austenitic stainless steels as
load-bearing engineering materials. Mechanical properties in-
cluding strength of structural steels and alloys canbe controlled by
desired variation of their microstructures.[4] Regarding the
structural strengthening, the grain refinement, and the develop-
ment of highly dislocated substructure are quite favorable
structural changes to improve the strength properties without
remarkable lose of plasticity.[5,6] Both a decrease in the grain size
(structural strengthening) and an increase in the dislocation
density (substructural strengthening)canbeachieved instructural
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Adv. Eng. Mater. 2018, 20, 1700960 © 21700960 (1 of 27)Therefore, the studies dealing with micro-
structure control in advanced metallic
material processing methods are of great
practical consequence.
An important phenomenon, which can
be utilized as a powerful instrument for
processing of steels and alloys with desired
grain sizes and dislocation substructures is
a dynamic recrystallization (DRX), which
occurs during plastic deformation at suffi-
ciently large strains and at elevated temper-
atures.[7,8] It is important that DRX results
in the required microstructure directly
during the plastic working. The final
DRX microstructure and, hence, the me-
chanical properties of metallic materials
subjected to thermo-mechanical treatment
depend sensitively on the operative mech-
anisms of microstructure evolution, which,in turn, depend on the deformation conditions.[9] The wider
variety of microstructure evolution mechanisms operate during
thermo-mechanical treatment, the wider diversity of structure-
property combinations could be achieved in steels and alloys.
Fortunately, austenitic stainless steels exhibit various structural
responses on thermo-mechanical impact, depending on defor-
mation/annealing conditions. A face centered cubic (FCC) lattice
with a relatively low stacking fault energy (SFE) in austenitic
stainless steels are responsible for outstanding work hardening
during cold to warm working and for dynamically stable
microstructure resulting from dynamic equilibrium between
strain hardening and softening during hot working. Thus,
desired microstructures and properties can be easily obtained in
austenitic stainless steels by an appropriate thermo-mechanical
treatment. It is worth noting that the DRX microstructures
evolved in large scale semi-products during thermo-mechanical
treatment are frequently affected by post-deformation annealing.
It has been recently reported that post-DRX annealing behavior,
that is, the grain grow and softening kinetics, in various
metallic materials depends significantly on the operative DRX
mechanisms.[10] Regarding austenitic stainless steels, the
DRX mechanisms control the grain boundary distribution that
evolve during deformation and subsequent annealing[11] that
affects corrosion resistance and fatigue behavior and is a subject
of grain boundary engineering.[12] The DRX phenomenon was
carefully summarized in several recently published reviews,[10,13]
although just reported studies on the DRX effect on grain
boundary character distribution and mechanical properties were
not reviewed.
The present paper reviews the recently published research
works on the regularities of microstructure evolution in018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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www.advancedsciencenews.com www.aem-journal.comaustenitic stainless steels during plastic deformation to rather
large strains, which are sufficient for DRX development under
various deformation conditions. The major aim of the present
review is to clarify the general DRX mechanisms operating
under various processing conditions and to summarize their
effect on the DRX microstructures, deformation behavior, and
strengthening austenitic stainless steels. Since the DRX
phenomenology and relevant terminology can be found in
recently published reviews,[10,13] the present paper starts from
comparative analysis of DRX mechanisms operating in
austenitic stainless steels followed by quantification of the
resultant DRX microstructures in Section 2, specifying the
condition for ultrafine grain development. Then, the effect of
DRX mechanisms on the post-DRX behavior upon subsequent
annealing treatment is resumed in Section 3. The grain
boundary distributions and the strengthening mechanisms in
austenitic stainless steels subjected to DRX treatment are
quantified in individual Sections 4 and 5, respectively, due to
insufficient attention paid for these topics in previous papers.
Finally, prospective investigations and applications of DRX and
related phenomena are outlined.Superalloys, Belgorod State
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2.1. Stress–Strain Curves during Warm to Hot Working
Series of typical true stress–strain curves obtained by isothermal
compression tests of a 304-type austenitic stainless steel under
various temperature/strain-rate conditions are represented in
Figure 1.[14,15] According to the deformation mechanisms, two
types of deformation behavior can be easily recognized, that is,
dynamic recrystallization (DRX) type and dynamic recovery
(DRV) type. The deformation behavior at relatively high
temperatures (T) or low strain rates (_e) is characterized by a
strain softening. Namely, the flow stress rapidly increases to its
maximum at a relatively small strain and then gradually
decreases with increasing strain and finally approaches a steady
state level corresponding to dynamic equilibrium between strain
hardening and softening. The strain softening is associated with
the DRX development, when newly nucleated DRX grains
growth out and consume work hardened surroundings with
high dislocation density. The respective deformation conditions
correspond to low values of Zener–Hollomon parameter (tempera-
ture compensated strain rate),
Z ¼ _e exp Q=RTð Þ; ð1Þ
where Q and R are the activation energy and universal gas
constant, respectively, below approx. 1012 s1 that can be
considered as a hot deformation domain for austenitic stainless
steels. Here, the activation energy for self diffusion is used as Q
for sake of simplicity.[16,17] In some cases, several attenuating
peaks on the stress–strain curves followed by a steady state
deformation behavior can be observed (the lowest strain rate in
Figure 1a). The appearance of either single or multiple peak
behavior depends on the relative values of the critical strain for
DRX onset and the strain for completion of one DRX cycle as
originally proposed by Luton and Sellars.[18] The single peakAdv. Eng. Mater. 2018, 20, 1700960 1700960 (2behavior takes place, when the strain for one cycle DRX
completion is larger than the strain for DRX startup. On the
other hand, the multiple peaks can be observed, if the strain for
DRX cycle development is much smaller than that one for DRX
initiation. For instance, an increase in the deformation
temperature accelerates significantly the growth of DRX grains,
while the nucleation of DRX grains is less affected by the
temperature/strain rate conditions, leading to a strain for DRX
cycle completion being smaller than that for DRX initiation that
results in multiple stress peak behavior. Therefore, decreasing Z
parameter promotes themultiple peak behavior. The initial grain© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 27)
Figure 1. Typical stress–strain curves for warm to hot working of a 304-
type austenitic stainless steel. Effect of compression strain rate a) and
temperature b) on deformation behavior.[14,15]
Figure 2. Effect of deformation temperature a) and temperature
compensated strain rate b) on the peak flow stress upon warm to hot
compression of 304-type austenitic stainless steels.[14,32]
www.advancedsciencenews.com www.aem-journal.comsize reductionmay also be favorable formultiple peak appearance,
as will be considered in Section 2.4.
Another type of true stress–strain curves is observed at
fairly low temperatures and/or rather high strain rates, when
the true flow stress continuously increases during deformation.
The rate of flow stress increase gradually slows down during
deformation and, in some cases, approaches almost zero at
large stains followed by a steady state deformation behavior.
These deformation conditions correspond to high values of
Zener–Hollomon parameter above approx. 1013 s1 and can be
considered as a warm deformation domain. The deformation
behavior under conditions of warm working is generally affectedAdv. Eng. Mater. 2018, 20, 1700960 1700960 (3by dynamic recovery as the main restoration process operating
during plastic deformation.[7,17,19–21] A steady state deformation
can take place, when the softening owing to dynamic recovery is
large enough to balance the strain hardening. Recent studies on
the microstructure evolution during large strain warm to hot
working suggest that the misorientations between the strain-
induced subgrains, which evolve through dynamic recovery,
progressively increase up to values inherent in ordinary high-
angle grain boundaries, leading to new grain development, that
is, in situ (continuous) DRX.[22–31]
The difference in the deformation behavior between warm
and hot deformation is clearly reflected on the temperature/
strain rate dependence of flow stress (Figure 2).[14,32] The flow© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 27)
www.advancedsciencenews.com www.aem-journal.comstress depends substantially on the deformation temperature
and/or strain rate under hot deformation conditions (the
deformation domain below about 400MPa in Figure 2a). On
the other hand, the temperature/strain rate dependence of the
flow stress weakens as the stress increases. Correspondingly,
power law relationships are held between the flow stresses and
deformation conditions expressed by Z (Figure 2b). Commonly,
the flow stress of austenitic stainless steels can be expressed as
σp
4.5Z in the hot deformation domain corresponding to
Z< 1012 s1 or σp
17Z under the warm deformation at
Z> 1012 s1. The different deformation behavior under hot
and warm working conditions is associated with a transition
from discontinuous DRX mechanism to continuous DRX one
with a decrease in the deformation temperature (increasing Z).Figure 3. Discontinuous DRX nuclei in a 304-type austenitic stainless
steel subjected to compression at 1073 K at a strain rate of 103 s1.[42]2.2. Microstructure Evolution
2.2.1. Discontinuous DRX
The most elaborated DRX mechanism is discontinuous DRX,
which occurs in various metallic materials with low to medium
SFE during hot working, when the rapid DRX progress is
accompanied by strain softening.[7,8,18,33–38] This type of DRX
has been being studied for more than 50 years and, therefore,
frequently considered as conventional or classical DRX in
contrast to other somewhat special mechanisms. The terminol-
ogy of discontinuous DRX is used to reflect its periodic/cyclic
behavior including several specific sequential stages. The
discontinuous DRX grain evolution involves a nucleation by
local grain boundary bulging, a growth of the DRX nucleus,
which is driven by deformation stored energy in neighbor grains,
and a grain growth stagnation resulting from both the DRX
grain impingement and diminishing the driving growth force
because of work hardening of the growingDRX grains. Then, the
new DRX grain can nucleate in the existing and work hardened
DRX grain that means a new cycle of discontinuous DRX.
There are, therefore, different structural elements coexisting at
any stage of the discontinuous DRX development. Those are
the nuclei, the growing grains, and work hardened grains as
expected nucleation sites, which are also indicative of discontin-
uous manner of this DRX type.
The grain nucleation and growth during discontinuous
DRX are similar to those in primary static recrystallization
(SRX), which occurs upon heating of cold worked metallic
materials.[20,39–41] Recovery assisted bulging of a grain boundary
portion is commonly considered as the main mechanism of
discontinuous DRX nucleation.[8,10,14,20,40] Dynamic recovery
readily develops near the grain boundaries, which serve as sink
sites for lattice dislocations and promote the dislocation
rearrangement, forming the potential DRX nucleus as a
subgrain with lowered dislocation density. Such subgrain is
partially bounded by an ordinary grain boundary, which is able to
migrate toward the high dislocation density in work hardened
surroundings. The difference in local dislocation densities is
commonly considered as a driving pressure for the grain
boundary migration toward high dislocation density and
corresponding growth of DRX nuclei. In contrast to primary
SRX, the grain boundaries are frequently corrugated during hotAdv. Eng. Mater. 2018, 20, 1700960 1700960 (4working. Therefore, the grain boundary bulging easily occurs at
corrugated grain boundaries. Figure 3 shows two typical
examples of the discontinuous DRX nuclei that developed by
the local bulging of grain boundaries.[42] It is evident from
Figure 3 that the DRX nuclei contain much lower dislocation
density than work hardened surroundings and these nuclei
are separated from the highly dislocated substructures by the
low-angle dislocation subboundary (left-side nucleus) or the twin
boundary (right-side nucleus). The frequent development of
annealing twins during discontinuous DRX at elevated temper-
atures is sometimes discussed as special DRX mechanism
in low SFE materials.[43,44] Similar to primary SRX, the growth
of discontinuous DRX nuclei is driven by the difference
in deformation stored energy (accumulated in dislocation
substructures including individual dislocations and dislocation
subboundaries) between the nucleus and work hardened
surroundings. However, this difference (and the corresponding
driving force) gradually diminishes during hot working because
of increasing the dislocation density in the growing DRX grain
that may result in a cessation of the DRX grain grow and that
cannot occur on primary SRX.
A grain boundary sliding commonly takes place in austenitic
stainless steels, as well as in other various metallic materials
during hot working.[45–48] The latter promotes the rotation of
the bulged DRX nuclei, increases the misorientation between
the nucleus and parent grain and, therefore, advances the
discontinuous DRX development in vicinities of grain bound-
aries. The discontinuous DRX nuclei rapidly evolve at grain
boundaries of initially coarse grains and results in the evolution
of necklace-like microstructure, in which the chains of fine DRX
grains locate between original grains.[49,50] Then, the DRX layers
thicken upon the DRX progress leading to a kind of bimodal
microstructure composed of rather coarse non-recrystallized
remnants surrounded by the fine DRX grains. Finally, the DRX
portions propagate throughout the worked piece, resulting in
the uniform microstructure consisting of fine DRX grains. An© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 27)
www.advancedsciencenews.com www.aem-journal.comincrease in deformation temperature promotes the recovery-
assisted nucleation and diffusion-controlled growth of new
grains and, thus, accelerates the DRX kinetics (Figure 4).[51]2.2.2. Continuous DRX
Phenomenon of continuous DRX was first recorded during
deformation of aluminum alloys and ferritic stainless steelsFigure 4. Necklace-type microstructure during discontinuous DRX in a
22Cr-10Ni austenitic stainless steel subjected to hot compression at
indicated temperatures to a strain of 1.2 at a strain rate of 103 s1.[51]
High-angle and low-angle boundaries are indicated by thick and thin black
lines, respectively. The colors indicate the crystallographic direction along
the compression axis (CA).
Adv. Eng. Mater. 2018, 20, 1700960 1700960 (5under conditions of hot working.[22–24,52–54] These materials are
highly susceptible to dynamic recovery (DRV), which provides
rapid dislocation rearrangement forming uniform polygonized
substructures. Therefore, the fast dynamic recovery prevents the
development of local strain gradients and corresponding
heterogeneities in dislocation densities, which generate the
driving force for discontinuous DRX nucleation by a local grain
boundary bulging. Since, the necessary conditions for discon-
tinuous DRX are not created in DRV materials, these materials
can be continuously deformed to large strains, which are not
accompanied by the nucleation and growth of new DRX grains.
On the other hand, large strain deformations of DRV materials
are accompanied by the dislocation buildup within deformation
subboundaries and the corresponding lattice rotation among
strain-induced subgrains, leading to an increase in the
subboundary misorientations. Then, new strain-induced grain
boundaries can be developed at large strains, when the (sub)
boundary misorientation exceeds some critical value (typically
15) separating low-angle subboundaries and high-angle grain
boundaries. Thus, original grains are split into deformation
subgrains followed by an increase in the subboundary
misorientations with straining resulting in the development
of new grains in place of subgrains at sufficiently large strains.
This process of new grain evolution develops in continuous
manner and, hence, frequently referred to as continuous DRX.
A low SFE is a common feature of austenitic stainless steels.
Therefore, these steels experience substantial strain hardening
during hot working. An increase in the flow stress caused by an
increase in the dislocation density during deformation creates
the high driving pressure for DRX nucleation by grain boundary
bulging followed by growth out of DRX grains, which are
characterized by quite low dislocation densities at an early stage
of the DRX development, that is essential feature of discontinu-
ous DRX. The growing DRX grains consume the deformation
substructures, the evolution of which could result in the
development of new grains at large strains (continuous DRX).
Thus, small critical strains for the development of discontinuous
DRX eliminates the possibility of continuous DRX in austenitic
stainless steels during hot working, as schematically illustrated
in Figure 5.[55] On the other hand, the grain boundary mobility
slows down as the deformation temperature decreases. Under
conditions of warm deformation, therefore, the grain boundary
bulging requires much higher driving pressure as compared
to hot working conditions, that is, the critical strain for the
initiation of discontinuous DRX becomes very large. In this
case, the new DRX grains can appear as a result of progressive
subgrain evolution, when the misorientations of the strain-
induced subboundaries increase and attain values of ordinary
high-angle grain boundaries during large strain deformation,
that is, continuous DRX.
Typical deformation microstructures and substructures that
evolve during warm multiple multiaxial forging are represented
in Figure 6 and 7, respectively.[56,57] Commonly, plastic
deformations of austenitic stainless steels with low SFE is
accompanied by a rapid increase in the dislocation density,
which may exceed 1015m2 even at small strains during warm
working at temperatures of approx. 0.5Tm. Increasing the strain
promotes the dislocation rearrangement and the development of
dislocation cell/subgrain substructure consisting of dislocation© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 27)
Figure 5. Schematic relationship between discontinuous and continuous
DRX.[55]
Figure 6. Typical deformation microstructures evolved in a 304-type
austenitic stainless steel during multiple multiaxial forging at 873 K to a
total strain of 0.8 a), 4.0 b). High-angle and low-angle boundaries are
indicated by thick and thin black lines, respectively. The colors correspond
to the crystallographic direction along the last pass forging axis (CA).[57]
www.advancedsciencenews.com www.aem-journal.comcell blocks bearing large lattice curvatures that are subdivided by
strain-induced subboundaries (Figure 6a). These strain-induced
subboundaries are commonly characterized by relatively low-
angle misorientations upon their appearance at early deforma-
tion. The misorientations of strain-induced subboundaries may
quickly increase during deformation, leading to the development
of new high-angle grain boundaries. The strain-induced
subboundaries, which have a high potential for an increase
in their misorientations, locate frequently near original grain
boundaries or boundary triple junctions (Figure 7a). Such
rapidly developing strain-induced boundaries can be considered
as geometrically necessary ones. These boundaries are necessary
to appear between microvolumes, which experience some
differences in plastic flow, for example, different combination
of slip systems or different local strains.[58,59] A distinctive
attribute of the deformation microstructures that develop under
conditions of warm working is the deformation microbands (or
microshear bands), which pass over original grains (Figure 6a).
The strain localization was considered as an important
contributor to the development of continuous DRX in austenitic
stainless steels during warm rolling.[17,60,61] The misorientations
across the deformation microbands readily increase during
warm deformation, leading to rapid grain subdivision. Continu-
ous character of the development of new strain-induced grain
boundaries can be clearly revealed by the observations of many
incomplete grain boundaries in Figure 6a (pointed by the arrow
heads). These boundaries appear as local portions along the low-
angle subboundaries. Namely, the portions of strain-induced
subboundaries are indicated as high-angle grain boundaries on
the OIM images when the local boundary misorientation exceed
the critical angle between low-angle and high-angle boundaries.
The appearance of crystallites bounded by low-to high-angle
boundaries is an essence of the continuous DRX development,
when the misorientations between crystallites separated byAdv. Eng. Mater. 2018, 20, 1700960 1700960 (6strain-induced subboundaries progressively increase during
deformation leading to a gradual increase in the high-angle
boundary portions at expense of low-angle ones.[10,30,47]
The number density of deformation microbands and the
orientation gradient along them increasewith an increase in strain.
The new ultrafine grains gradually develop during deformation
in a consequence of progressive evolution of strain-induced
subboundaries into high-angle grain boundaries. The high-angle
boundaries readily develop at deformation microbands, which© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 27)
Figure 7. Representative fine microstructures evolved in a 304-type austenitic stainless steel
during multiple multiaxial forging at 973 K to total strains of 0.8 a) and 4.0 b). The numbers
indicate the boundary misorientations in degrees.[56]
www.advancedsciencenews.com www.aem-journal.comserveaspreferential sites for the fast developmentof strain-induced
boundaries because of corresponding large strain gradients. The
frequently corrugated original grain boundaries and their triple
junctions are also preferential sites for the fast development of
strain-inducedboundariesbecauseof large straingradients evolved
in vicinity of grain boundaries. Thus, the ultrafine grains first
develop along the deformation microbands and original grain
boundaries. Any changes in the direction of applied load during
multiple deformations, for example, multiple multidirectional
forging, should assist the activation of a number of variable slip
systems and promote the development of high density of
deformationmicrobands running in various directions. Therefore,
followingsomewhatheterogeneousappearanceof thefirstultrafine
grains at relatively small strains, almost uniform ultrafine grains
with the size approaching the size of preceding subgrains evolve at
large total strains (Figure 6b, 7b).
Continuous DRX means progressive evolution of deforma-
tion subgrains that leads to their gradual conversion into new
fine grains during deformation to sufficiently large strains.
However, the new ultrafine grains appear heterogeneouslyAdv. Eng. Mater. 2018, 20, 1700960 1700960 (7 of 27)during warm deformation of austenitic stain-
less steels, because the rate of continuous
DRX grain evolution depends on local strain
gradients, which rapidly develop near the
grain boundaries, at triple junctions, along
deformation microbands and their intersec-
tions. The heterogeneous development of
ultrafine grains in an austenitic stainless steel
subjected to warm multiple multidirectional
deformation is clearly reflected in the evolu-
tion of grain size distributions during the
progress of continuous DRX (Figure 8).[62] A
huge peak corresponding to rather coarse
original grains is gradually scaled down while
another peak gradually grows against ultrafine
grain sizes as the total strain increases. It is
interesting to note that a kind of bimodal grain
size distribution with two peaks against small
and large grain sizes evolves at intermediate
strains similar to that in necklace microstruc-
ture in course of discontinuous DRX. Finally, a
peak corresponding to the new ultrafine
grains stands up in the grain size distribution
evolved at sufficiently large total strains.
In contrast to geometric DRX, which
has been originally proposed as a kind of
continuous DRX for new grain evolution in
aluminum alloys after large rolling reductions
at elevated temperatures,[20,23,63–65] the devel-
opment of deformation microbands plays an
important role in the grain refinement in
austenitic stainless steels under conditions of
unidirectional large strain warm rolling.[61]
Typical examples of the transition bands, that
is, the boundaries separating the deformation
microbands, are indicated by the arrow heads
in Figure 9a. Some portions of these bound-
aries in Figure 9a exhibit high-angle misor-
ientations that testify to the formation ofstrain-induced grain boundaries as geometrically necessary ones
at relatively small strains. Further deformation leads to
development of lamellar-type microstructures, where high-angle
boundaries (original and strain-induced ones) are aligned in the
direction of metal flow. The distance between the high-angle
boundaries decreases with straining, approaching the size of
deformation subgrains. Therefore, the ultrafine grained micro-
structure consisting of fine grains/subgrains elongated toward
the rolling axis is evolved after sufficiently large strains
(Figure 9b). The effect of strain-induced boundaries on the
grain refinement kinetics during warm bar rolling is illustrated
in Figure 10.[61] In the range of relatively small strains (e< 1 in
Figure 10), a decrease in the transverse grain size is ahead of that
predicted by rolling reduction. Therefore, this strain range can
be considered as a region of grain refinement when the grain
size decreases owing to the development of new strain-
induced high-angle grain boundaries. On the other hand, the
number of grains along the direction crosswise to the metal
flow decreases as strain increases in the range of large
strains (e> 1 in Figure 10). Such an apparent grain coarsening© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
Figure 8. Grain size distributions in a 304-type austenitic stainless steel
subjected to multiple multidirectional forging at 973 K.[62]
Figure 9. Typical deformation microstructures evolved in a 304L-type
www.advancedsciencenews.com www.aem-journal.comresults from the DRX grains, the size of which approaches a
constant value depending on the deformation conditions and no
more depends on the total strains after sufficiently large
deformation.austenitic stainless steel during warm bar rolling at 773 K to strains of 0.5
a) and 2.0 b). High-angle and low-angle boundaries are indicated by thick
and thin black lines, respectively. The colors indicate the crystallographic
direction along the rolling axis (RA).[9]2.2.3. Severe Plastic Deformation
Substantial grain refinement in austenitic stainless steels down
to nanocrystalline state can be achieved by severe plastic
deformation, that is, large strain deformation at relatively
low temperatures, which is currently considered as one of the
most powerful techniques for development of ultrafine grained
metals and alloys.[65–81] It has been suggested that ultrafine
grains appear during severe plastic deformation in place of
deformation cells/subgrains, which were evolved at small to
moderate strains.[65,73,74] The ultrafine grained structures
that develop at large strains are considered, therefore, as a
result of gradual transformation of dislocation cells/subgrainsAdv. Eng. Mater. 2018, 20, 1700960 1700960 (8into largely misoriented crystallites, that is, new grains. The
dislocation density in cell walls/subboundaries progressively
increases during deformation, leading to an increase in the
misorientations between dislocation cells. This model assumes
that subboundaries with low-angle misorientations introduced
at low strains can progressively transform into high-angle grain
boundaries through the accumulation of high density disloca-
tions during deformation, finally leading to the homogeneous
evolution of an ultrafine grained structure at large strains.
Therefore, the process of ultrafine grain evolution during severe© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 27)
Figure 10. Decrease in the transverse grain size in a 304-type austenitic
stainless steel during warm to hot rolling at indicated temperatures.[61]
Figure 11. Deformation twinning in 304-type a) and 316L-type b) austenitic
stainless steels after cold rolling toastrainof0.4. TheRA indicates the rolling
axis.[94]
www.advancedsciencenews.com www.aem-journal.complastic deformation can be considered as a kind of continuous
DRX.
It is worth noting that the dislocation substructures evolved
during cold working are characterized by certain heterogene-
ity.[58,59,82–86] An early deformation involves high dislocation
density, leading to the development of substructure in the form
of dislocation cell blocks. An increase in strain is accompanied
with a localization of plastic flow leading to the development
of deformation micro-bands and/or microshear-bands with
transition bands as strain-induced geometrically necessary
boundaries, splitting the original grains into individual frag-
ments bounded by high-angle boundaries. The microstructural
evolution during severe plastic deformation, therefore, is
sometimes considered in terms of grain subdivision or
fragmentation.[59,85] Anyway, the strain localization in various
micro-bands is an essential feature of structural changes during
severe plastic deformation. Similar to continuous DRX during
warmworking, the new ultrafine grains primarily develop within
the portions of deformation substructures with large strain
gradients, such as intersections of the deformation micro-bands
and/or microshear-bands, vicinities of grain boundaries and,
especially, the grain boundary triple junctions, followed by the
new grain development along the micro-bands under conditions
of severe plastic deformation.[10,74,87–89] The fraction of ultrafine
grains gradually increases as the number and thickness of
various micro-bands increase during the straining that results
in progressive propagation of the ultrafine grains throughout
the processed material. Correspondingly, the mean grain
size decreases gradually approaching some constant value at
sufficiently large strains.
The efficiency of severe plastic deformation for production of
nanocrystalline steels and alloys depends on the grain refine-
ment kinetics, which is associated with material susceptibilityAdv. Eng. Mater. 2018, 20, 1700960 1700960 (9to grain fragmentation upon cold working. Austenitic stainless
steels are highly susceptible to grain fragmentation during cold
deformation because of specific deformation mechanisms. Low
SFE in these steels leads to the operation of deformation
twinning.[90–96] Moreover, chromium–nickel austenitic stainless
steels are meta-stable at room temperature. Therefore, cold
working of austenitic stainless steels is accompanied by strain-
induced martensitic transformation.[93–106] Both the deforma-
tion twinning and the strain-inducedmartensitic transformation
significantly accelerate the grain refinement, leading to the fast
development of spatial network of multiple crossed high-angle© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 27)
Figure 12. Representative deformation microstructure developed in a 316L-type austenitic
stainless steel after bar rolling at ambient temperature to a strain of 1.2. The numbers indicate
the nominal misorientations angles between neighboring cubic crystallites in degrees.[107]
www.advancedsciencenews.com www.aem-journal.comstrain-induced grain boundaries, and corresponding new grains
at relatively small strains.
The sequence of structural changes, which are responsible to
the development of nanocrystalline structures in austenitic
stainless steels during large-strain cold deformation, can be
discussed as follows. An increase in the dislocation density at
early deformation is followed by the deformation twinning, which
subdivides initial grains into platelet fragments with high-angle
twin boundaries (Figure 11).[94] Further straining is accompanied
by the formation of deformation microbands/microshear
bands. The formation of frequently twinned structures with
large strain gradients in deformation microbands promotes the
initiation of strain-induced martensitic transformation.[104,106]
An example of the microshear band consisting of alternating
martensite and austenite crystallites with their transverse sizes
of about 50 nm is shown in Figure 12.[107] The strain-induced
martensite appears with orientation relationships to austenite
matrix within 5 from those suggested by Kurdjumov-Sachs
or Nishiyama-Wasserman,[93,108,109] although martensite grainsFigure 13. Deformationmicrostructure in a 304-type steel after multiple forging to a total strain
of 1.2 at room temperature. The colors in the left-hand image correspond to the crystallographic
direction along the last pass forging axis (CA); high-angle boundaries are indicated by black
lines. In the right-hand image, the red and blue colors indicate strain-induced martensite and
austenite, respectively; the dotted lines roughly outline original grains.[110]
Adv. Eng. Mater. 2018, 20, 1700960 1700960 (10 of 27)experience large rotations during subsequent
deformation and their orientationsmay signifi-
cantly deviate from the predicted relation-
ships.[93,95] The vicinities of grain boundaries
are also characterized by large strain gradients
and serve as preferable sites for strain-induced
martensite appearance (Figure 13).[110] The
strain-inducedmartensitic transformation con-
tinuously develops during cold deformation
leading to an increase in the volume fraction
of deformation martensite (Figure 14).[111]
An increase in the martensite fraction (FM)
can be expressed by a sigmoid function of
strain (e) as proposed by Olson and Cohen for
heterogeneous nucleation of strain-induced
martensite,[112] that is,
FM ¼ 1 expðA1ð1 expðA2eÞÞAÞ; ð2Þwith constants of A, A1, A2 depending on austenite stability and
processing method (Figure 15, 16).[96,107] The latter seems to
suppress the strain-induced martensite formation, if it involves a
high hydrostatic pressure.[107,113] Typical nanocrystalline struc-
tures in stainless steels processedby severe plastic deformations at
ambient temperature are shown in Figure 17.[113,114] Both the
10 torsion revolutions under pressure and themultiplemultiaxial
forging to a total strain of 4 resulted in nanocrystalline
microstructures consisting of austenite (after high pressure
torsion) or austenite/martensite grains (after multiaxial forging)
with almost the same transverse grain size of about 50nm in
304-type stainless steels. Also, more or less equiaxed nanocrystal-
line microstructure consisting of austenite and strain-induced
martensite in a 321-type stainless steel was evolved during the
equal channel angular pressing (4 passes in Figure 17c). Thus, the
nanocrystalline structural state can be easily obtained in austenitic
stainless steels by using simple methods of metal working like
multiple forging because of rapid kinetics of grain refinement
inherent in austenitic stainless steels upon cold deformation.2.3. DRX Grain Size
The grain size in austenitic stainless steels
subjected to hot deformation accompanied
by discontinuous DRX depends on the rates
of nucleation and growth of DRX nuclei/
grains.[8,18–20] The mean dynamic grain size
that evolves at steady state of hot deformation,
when the dynamic equilibrium between
strengthening and softening processes is
established, is controlled by deformation
conditions, mainly by temperature and strain
rate. A decrease in the deformation tempera-
ture and/or an increase in the strain rate
results in a decrease in the grain size and vice
versa.Quantitatively, the dynamicgrain size (D)
can be expressed in the form of a power
dependence on the temperature-compensated
strain-rate, that is, DnZ.[17,38,57,115] The© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
Figure 14. Deformation microstructures a), c) and the corresponding phase maps b), d) of a
316L-type stainless steel subjected to cold rolling to strains of 1.2 a), b) and 4 c), d). High-angle
boundaries are indicated by black lines. The colors in a and c correspond to the crystallographic
direction along the rolling axis (RA).[111]
www.advancedsciencenews.com www.aem-journal.comsteady state deformation behavior means that the flow stress
becomes strain invariant and entirely controlled by deformation
temperature andstrain rate.The steady stateflowstress canalsobe
expressed by a power law relationship of the temperature-
compensated strain-rate. Therefore, a power-law relationship
is held between the flow stresses and the size of DRX
grains,[8,14,38,42,57]
σ ¼ KDN ð3Þ
For various metallic materials including fine grained
austenitic stainless steels that exhibit discontinuous DRX under
hot working conditions, the grain size exponent (N) is about
0.7.[8–10,14,57,116–118]
Under conditions of warm working at relatively low
deformation temperatures, the rate of all diffusion-controlled
process including the grain boundary migration and corre-
sponding grain growth slows down. The new grains develop
during warm working as a result of continuous DRX, when
the misorientations between deformation subgrains increase
above some critical value (commonly, 15) separating low-angleAdv. Eng. Mater. 2018, 20, 1700960 1700960 (11 of 27)subboundaries and high-angle grain bound-
aries. Therefore, the size of continuously DRX
grains at large strains should finally approach
the size of deformation subgrains evolved
at preceding strains.[10,42,47,48,54–57,61,74,118]
Similar to discontinuous DRX under hot
working conditions, continuous DRX under
warm working conditions is also characterized
by a power law relationship between the DRX
grain size and theflow stress, but with different
exponent (N) of about 0.3.[10,21,42,48,57,118] In
other words, the change in the DRX behavior
upon the change in the deformation conditions
from hot to warm working is reflected on the
relationship between DRX grain size and flow
stress as the change in the grain size exponent.
The power law relationship between the
flow stress and the DRX grain size evolved in a
304-type austenitic stainless steel is represented
in Figure 18 from cold to hot working.[119] The
sizeofdeformationsubgrains isalso indicatedin
Figure 18 for reference. Three deformation
domains with different grain size exponents are
clearly distinguished. (Note here that similar
three-stage relationship between flow stress and
dynamic grain size evolved at large strains has
been recently observed in a titanium.[120]) The
grain size exponent varies from 0.7 in the
hot working domain I to 0.3 in the warm
working domain II and then to1.0 in the cold
working domain III (corresponds to severe
plastic deformation) as the flow stress increases
with decreasing the deformation temperature.
The different stress – grain size relationships
correspond to variation in the operating DRX
mechanisms. In contrast, the size of deforma-
tionsubgrainsvaries in inverseproportion to the
flow stress irrespective of the range of deforma-tion conditions. This unique relationship accounts for the
dislocation strengthening (work hardening), which predicts
striking correlations between the flow stress, dislocation density
andcell/subgrain size.[121–125] Thedynamicgrain sizedevelopedby
discontinuous DRX is attributed to the growth of new grains and,
therefore, should be much larger than the size of DRX nucleus,
which is comparable to the subgrain size. The rate of grain growth
decreaseswithdecreasingthedeformation temperature.Therefore,
the size of DRX grains under warm working conditions rapidly
approaches the size of deformation subgrains as the flow stress
increases. Then, a decrease in the grain size should be limited by
the cell/subgrain size, leading to the same inverse proportion to the
flow stress under conditions of the cold deformations, although
the grain size smaller than cell/subgrain size was observed in
microshear bands evolved by severe plastic deformation.[87]2.4. DRX Kinetics
The DRX kinetics in austenitic stainless steels depends signifi-
cantly on deformation conditions and initial microstructures.© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
Figure 15. The strain effect on the martensite fraction in 304L and 316L-type
stainless steels subjected to bar rolling or plate rolling at room temperature.[96]
Figure 16. Representative microstructures and phase maps for a 316L-typ
subjected to cold bar rolling or multidirectional forging to a strain of 1.2.
figures are shown for the rolling axis (RA) or the axis for the last forging p
www.advancedsciencenews.com www.aem-journal.com
Adv. Eng. Mater. 2018, 20, 1700960 1700960 (1Generally, an increase in deformation temperature accelerates the
nucleationandgrowthofnewgrains invarioussteels andalloys that
experience discontinuous DRX during hot working, that is,
initiation and completion of each discontinuous DRX cycle occur
at smaller strains.[7,8,14,33–38] A decrease in the strain ratewithin the
range of conventional hot working conditions also leads to the
discontinuous DRX development in smaller strains. Similar to
primary SRX, the discontinuousDRX development requires some
critical strain, which is followed by nucleation and growth of DRX
grains, and an increase in the stored energy increases the
recrystallization kinetics. The strain for the discontinuous DRX
cycle completion depends significantly on the temperature-
compensated strain rate (Z). On the other hand, the critical strain
fordiscontinuousDRX initiation is less affectedby thedeformation
conditions.Hence, themultiple stresspeakscanbeobservedatflow
curvewithdecreasingZ. It shouldbenoted thatdiscontinuousDRX
with attenuating multiple stress peaks is accompanied by an
increase in the mean dynamic grain size. Such DRX behavior has
encouraged Sakai et al. to elaborate the adequate mechanism
explaining the relationshipbetween the shape of theflowcurve and
the relative grain size.[34,126–128] The model predicts single stress
peak behavior when the dynamic grain size is less than half of the
initial grain size. In this case, the hot working results in graine stainless steel
The inverse pole
ass (CA).[107]
2 of 27)refinement. In contrast, the multiple peak
behavior and grain coarsening take place if the
dynamicgrainsizeexceedshalf of the initial one.
The influence of initial grain size on discontin-
uous DRX nucleation was further elaborated
taking into account the change in the grain
boundary energy with decreasing the grain
size.[129] Therefore, a decrease in the initial grain
size promotes the discontinuous DRX develop-
ment. Since various solutes retard the grain
boundary migration, a decrease in the solute
concentrations also accelerates the discontinu-
ous DRX kinetics.[130]
Beneficial effects of the initial grain refine-
ment on thediscontinuousDRXkinetics can be
utilized to enhance an efficiency of conven-
tional hot working for production of ultrafine
grained austenitic stainless steels. Figure 19
represents typical stress–strain curves obtained
during multiple compressions, which were
carried out rotating the specimen over 90 with
a respect of the loadingdirectionanddecreasing
the deformation temperature from 1223 to
1023Kwitha stepof50Kfrompass topass,with
reference to ordinary single pass compres-
sion.[14,42] It is clearly seen that theflowstress in
the course of multiple deformations rapidly
increases toapeakfollowedbyastrainsoftening
finally approaching a steady-state flow in each
compression pass, indicating complete discon-
tinuous DRX throughout the multiple defor-
mation. The initial grain size in each multiple
compression pass was developed by preceding
deformation. This sequential decrease in the
grain size promotes the discontinuous DRX
resulting in the full development of ultrafine© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
Figure 17. Typical fine microstructures in stainless steels subjected to severe plastic
deformation at room temperature; multiple multidirectional forging of a 304-type steel a),
torsion under high pressure of a 304-type steel b), equal channel angular pressing of a 321-type
steel c).[113,114]
Figure 18. Relationship between the flow stress normalized by shear
modulus and the deformation grain/subgrain size in a 304-type austenitic
stainless steel.[119]





Adv. Eng. Mater. 2018, 20, 1700960 1700960 (13 of 27)grained microstructure after a pass strain of
e¼ 0.7 evenat sucha low temperature as 1023K
(Figure 20).
Continuous DRX under conditions of warm
working involvesDRVprocessesand, therefore,
its kinetics should depend on deformation
temperature and/or strain rate similar to
discontinuous DRX. The relationship between
discontinuous and continuous DRX in a 304-
type austenitic stainless steel is shown in
Figure 21.[57] According to Poliak and Jonas,[131]
the critical strain for the nucleation of discon-
tinuous DRX can be accurately determined by
double-differentiation technique, that is, the
value of @θ/@σ, where θ¼ @σ/@e, is plotted
against the stress, then a localminimum in this
plot corresponds to the critical strain for
discontinuous DRX. For the sake of simplicity,
the strains corresponding to the peak stresses
(just before softening owing to discontinuous
DRX) are plotted in Figure 21 as the onset of
discontinuous DRX during hot working. Con-
tinuous DRX implies the progressive increase
in the subboundary misorientations, leading to
a gradual increase in the fraction of high-angle
grain boundaries during warm working. Thus,
the strains corresponding to some arbitrary
selected levels of the high-angle boundary
fractions are indicated in Figure 21 for the
continuous DRX development.
The onset of both discontinuous and
continuous DRX shifts toward larger strainsinitial grain size in a 304-type austenitic stainless steel
curves obtained during multiple compressions with
sing from 1223 to 1023 K or single pass isothermal
icated temperatures.[14,42]
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
Figure 20. Fine grained microstructures evolved in a 304-type austenitic
stainless steel after multiple compressions with temperature decreasing
from 1223 to 1123 K a) and 1023 K b).[42]
Figure 21. Effect of deformation temperature on the kinetics of
discontinuous DRX (DDRX) and continuous DRX (CDRX) in an austenitic
stainless steel.[57]
www.advancedsciencenews.com www.aem-journal.comwith a decrease in the deformation temperature (Figure 21). It is
worth noting that rather weak temperature dependence for the
occurrence of discontinuous DRX at high temperatures becomes
stronger and stronger with a decrease in the deformation
temperature. In contrast, the change in the continuous DRX
kinetics demonstrates opposite temperature dependence.
Namely, the strong effect of the temperature on the development
of continuous DRX at relatively high temperatures in the range
of warm working remarkably weakens as the temperature
decreases.
The change in the DRX kinetics with temperature is associated
with a change in the combination of activated DRXmechanisms.Adv. Eng. Mater. 2018, 20, 1700960 1700960 (1In the rangeofhotworking,discontinuousDRXsolely controls the
new grain evolution, because any strain-induced boundaries
periodically consumed by growing new grains. On the other hand,
the development of continuous DRX does not prohibit the onset
of discontinuous DRX, when the stored deformation energy, that
is, driving pressure, becomes large enough to initiate the grain
boundary bulging. Therefore, the progress in the new fine grain
development in the high temperature range of warm working
can be accelerated by an additional effect of discontinuous DRX
when the total strain attains the onset of discontinuous DRX.
The effect of temperature on the kinetics of continuous DRX can
be discussed with reference to the mechanisms responsible
for the development of strain-induced high-angle grain bound-
aries.[10,28,29,74,85,132–139] Gourdet and Montheillet developed a
model for continuous DRX, which might take place during hot
working.[28,134] They elaborated the Laasraoui–Jonas equation
combining the strain hardening and dynamic recovery[132] and
obtained the increasing rate of strain-induced subboundary
misorientations as function of the recovery parameter (recovery
rate) and the flow stress.[137] According to the model, the DRX
kinetics accelerates with an increase in deformation temperature
because of acceleration of dynamic recovery, which promotes the
rearrangement of lattice dislocations into dislocation subbounda-
ries, leading to increasing misorientations among homogeneous
deformation substructures. On the other hand, the formation of
strain-induced boundaries owing to the development of deforma-
tion microbands was attributed to the stress–strain gradients,
which are mainly accumulated at grain boundaries, and was
treated in terms of partial disclinations.[85,133,138] These stress–
strain gradients should increase when the rate of dislocation
storage exceeds the rate of dislocation recovery/annihilation
during deformation[139] that suggests a promotion of strain-
induced boundary formation with decreasing the deformation
temperature. Therefore, kinetics of grain refinement by recovery
assisted gradual increase in the subboundary misorientations in
uniform deformation substructures is slowed down, whereas
the development of strain-induced boundaries associated
with the deformation microbands is promoted with a decrease
in the deformation temperature. Concurrent operation of these© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim4 of 27)
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in a weak temperature dependence of the grain refinement
kinetics in a wide range of warm working conditions. Regarding
the development of strain-induced grain boundaries, it should be
noted that the grain fragmentation (subdivision) itself is not
enough for the fine grain evolution through continuous DRX;
recovery-assisted dislocation rearrangement is also necessary
condition for the dynamic grain formation. For instance,
continuous DRX scarcely develops in high-Mn austenitic steels,
in which dynamic recovery is suppressed by very low SFE,
although warm working of these steels certainly brings about a
highdislocationdensity and leads tograin fragmentationbystrain-
induced high-angle boundaries.[140]
Similar todiscontinuousDRXduringhotworking, adecrease in
the initial grain size accelerates the kinetics of continuous DRX
during cold-to-warmworking.[118,141] Vicinities of the initial grain
boundarieswereshownaspreferential sites for thedevelopmentof
deformation subboundaries with rapidly increasing misorienta-
tionsduringwarmworkingbecauseof strain incompatibilitiesand
related constraints aroused by the neighboring grains.[47,118] An
increase in the grain boundary fraction by decreasing the initial
grain size increases the volume, which can be readily occupied by
newfine grains, and, thus promotes the grain refinement kinetics.
A decrease in the initial grain size to about 3 μm resulted in rapid
grain refinement in a 304-type stainless steel during warm
multidirectional forging at 873K; more than 60% of high-angle
strain-induced boundaries could be achieved at relatively small
total strains below 2.[118] On the other hand, the effect of initial
microstructure on continuous DRX kinetics weakened with
further grain refinement (Figure 22). Under conditions of warm
working, therefore, the dimensionof suchpreferential sites for the
fast development ofnewfinegrainsnearoriginalgrainboundariesFigure 22. Effect of the initial microstructures on the development of
strain-induced high-angle boundaries during warm multiple deformation
of a 304 stainless steel.[118]
Adv. Eng. Mater. 2018, 20, 1700960 1700960 (1may comprise about 1 μm in conventional austenitic stainless
steels.[118]
The new grains during both hot and warm working appear
after some critical strains. Then, the DRX grain fraction
increases at quickened pace with straining followed by stunted
growth, finally approaching a saturation at large strain. Thus, the
discontinuous and continuous DRX kinetics can be related to the
total strain through a sigmoid shape function. The fraction of
DRX grains (FDRX) has been successfully related to the strain (e)
through a modified Johnson-Mehl-Avrami-Kolmogorov (JMAK)
equation,[20,62,142–145]
FDRX ¼ 1 expðkðe ecÞnÞ; ð4Þ
where k, n, and ec are constants, which depend on material and
processing conditions. Since the deformation microbands and
their intersections are preferable sites for the new ultrafine grain
appearance in austenitic stainless steels under conditions of
continuous DRX, the fraction of continuous DRX grains can be
also expressed by Equation 2 that has been originally proposed by
Olson and Cohen[112] for strain-induced martensite in metasta-
ble austenitic stainless steels subjected to cold working.3. Post-DRX Annealing Behavior
3.1. Annealing Softening
The softening behavior during annealing of DRX micro-
structures is schematically shown in Figure 23 in comparison
with ordinary SRX of cold worked metallic materials.[10,20,128]
The softening upon heating of cold workedmaterials proceeds in
three stages (ISRX to IIISRX in Figure 23). The first stage
corresponds to incubation period, when recovery creates theFigure 23. Comparative scheme for softening behavior during primary
static recrystallization (SRX) and post-DRX annealing.
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www.advancedsciencenews.com www.aem-journal.comrecrystallization nuclei, which are able to growth. Then, the
growing recrystallized grains provide an almost complete
softening (stage IISRX). Finally, the softening is controlled by
a normal grain growth (stage IIISRX). The main difference of
post-DRX annealing behavior from primary SRX is the absence
of the incubation period. The hot worked microstructures that
developed trough discontinuous DRX consist of DRX nuclei,
growing DRX grains, and work hardened grains. The DRX
nuclei start to growth and the growing DRX grains restart to
growth, leading to significant instantaneous softening just upon
reheating or holding at the temperature of hot deformation
(stage IIDRX).
[146–148] Another feature of post-DRX annealing
behavior is apparently incomplete softening at the end of the
rapid grain growth (cf. stages IIDRX and IISRX). This is attributed
to the presence of growing DRX grains containing dislocation
substructures, which were evolved during previous hot
deformation. These grains experience recovery during post-
DRX annealing and cannot be such softened as dislocation free
SRX grains.
Austenitic stainless steels with continuous DRX micro-
structures exhibit apparently the same softening behavior
during post-DRX annealing as those processed by hot working
accompanied by discontinuous DRX, although the softening
mechanism during stage IIDRX is somewhat different. A series of
softening curves for ultrafine grained 304-type stainless steel
processed by multidirectional forging at 873K followed by
annealing at various temperatures is shown in Figure 24.[146] The
uniform ultrafine grained microstructures with relatively high
internal stresses are developed during large strain warm
deformation. Following a release of the internal stresses by a
rapid recovery along the strain-induced grain boundaries just
upon post-deformation heating, the ultrafine grains readily growFigure 24. Fractional softening during annealing of a 304-type austenitic
stainless steel with an ultrafine grained microstructure developed by large
strain warm deformation.[146]
Adv. Eng. Mater. 2018, 20, 1700960 1700960 (1(stage IIDRX) during annealing. The corresponding softening
depends on annealing temperature, which controls the grain
size. The rapid grain growth during post-continuous DRX
annealing takes place homogeneously throughout the continu-
ous DRX microstructures and was discussed as a kind of
continuous SRX.[10,147] This fast growth of ultrafine grains is
driven by not only grain boundary energy, but also high
dislocation densities and some substructural heterogeneities
that are inherent in continuous DRX structures developed
during large strain warm deformation. The rapid grain growth
results in unification of microstructures and diminishes the
driven force for further grain coarsening. Therefore, long time
post-continuous DRX annealing is accompanied by a gradual
softening much similar to that associated with normal grain
growth, although dislocation substructures can exist in DRX
microstructures during a long time annealing.
The annealing softening of a 304-type stainless steel subjected
to large strain plate rolling at ambient temperature or 573K is
represented in Figure 25.[149] Annealing at 873K does not lead to
significant fractional softening, which comprises about 0.1–0.2
after 30min annealing, followed by sluggish softening upon
further annealing. In contrast, an increase in the annealing
temperature significantly affects the softening. The rapid
grain growth during annealing for 30min at 973 and 1073K
provides substantial fractional softening of 0.4–0.5 and 0.7–0.8,
respectively. Following the rapid softening during 30min
annealing, the steels gradually soften with an increase in the
annealing duration. Therefore, the softening by a rapid grain
growth during annealing of ultrafine grained steels depends
mainly on the annealing temperature, whereas the temperature
of previous large strain deformation has insignificant effect
(s. Figure 24, 25).Figure 25. Effect of annealing temperature/time on the fractional
softening of a 304L-type stainless steel processed by warm or cold
rolling.[149]
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The grain coarsening in austenitic stainless steels during post-
DRX annealing correlates with softening. Commonly, the rapid
grain growth occurs at annealing stage IIDRX followed by a
gradual grain coarsening similar to normal grain growth at stage
IIIDRX (Figure 23). The annealing behavior following discontin-
uous DRX was considered as a kind of discontinuous post-DRX,
when the DRX nuclei and growing grains start/restart growth at
expense of work hardened grains at stage IIDRX.
[10,128] Then, the
growth rate decreases at stage IIIDRX following impingement of
growing grains. In contrast, the grain coarsening after
continuous DRX was discussed as a kind of continuous post-
DRX.[10,147] In this case, the grain growth takes place
homogeneously, although the deformation stored energy after
large strain warm working that provides high driving force
results in relatively fast grain growth at stage IIDRX followed by a
decrease in the grain coarsening kinetics at stage IIIDRX similar
to discontinuous post-DRX behavior.
The effect of deformation temperature on the grain growth in
a 304-type ultrafine grained austenitic stainless steel processed
by large strain multidirectional warm forging is shown in
Figure 26.[11] The stage IIDRX corresponding to rapid grain
growth shifts toward shorter annealing time as the temperature
of previous warm deformation, at which the ultrafine grained
microstructure was developed, decreases. Decreasing the
deformation temperature leads to increasing the dislocation
density and structural/substructural heterogeneity that accel-
erates the grain growth kinetics. The grain growth exponent that
averaged over a whole studied annealing duration comprises
approx. 2 (Figure 26). It is worth noting that the grain growth
exponent of 2 has been originally predicted by Burke and
Turnbull,[39] whereas much larger grain growth exponents up toFigure 26. Grain coarsening during annealing at 1073 K of a 304-type
ultrafine-grained austenitic stainless steels processed by warm multidi-
rectional forging (MDF) at indicated temperatures (TMDF).
[11]
Adv. Eng. Mater. 2018, 20, 1700960 1700960 (110 were obtained in numerous experimental studies.[20,149–152]
The grain growth exponents of about 2 were observed in pure
metals during annealing at high temperatures.[20,150]
The grain growth behavior with a grain growth exponent of 4 at
the late annealing stage was also observed during annealing of
nanocrystalline austenitic stainless steels processed by large
strain cold rolling (Figure 27).[11,149] Note here that the cold rolled
steels included large fractions of strain-induced martensite,
which quickly transformed to austenite upon heating and then
experienced grain growth along with cold worked nanocrystalline
austenite. The cold rolled steels exhibit annealing behavior, which
is much similar to continuous recrystallization irrespective
of partial austenite reversal, because the austenite reversal
occurs by a shear mechanism.[149] Therefore, upon a heating,
the strain-induced martensite rapidly transforms to ultrafine
grained austenite, which is almost the same as the cold worked
austenite. Then, the uniform ultrafine grained austenite micro-
structure, which is quite similar to those frequently observed in
othermetals and alloys subjected to severe plastic deformation,[73]
exhibits a kind of continuous recrystallization during annealing.
The development of continuous post-DRX during annealing of
nanocrystalline and ultrafine grained austenitic stainless steels
processedby large strain cold towarmworkingallowsusobtaining
the a range of uniform annealed microstructures with desirable
grain size. Examples of ultrafine grained annealed microstruc-
tures in austenitic stainless steels are shown in Figure 28.[149]
Post-DRX softening and grain growth frequently occur
during the intervals between hot working operations in a course
of multiple deformations at elevated temperatures, leading
to the development of a special microstructure, which is
considered as a result of so-called metadynamic recrystalliza-
tion (MDRX).[10,20,148,153–156] The MDRX mechanism involves
several concurrent processes including a rapid growth of DRX
nuclei, polygonization/coalescence of dislocation substructure,Figure 27. Grain coarsening in stainless steels subjected to cold-rolled
(CR) followed by annealing at indicated temperatures (TA).
[11]
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Figure 28. Ultrafine grained structures in a 304L-type stainless steel
subjected to cold rolling and annealing for 30minat 873K a) and 973K b).[149]
www.advancedsciencenews.com www.aem-journal.comand a dislocation recovery at grain boundaries.[10,148] The MDRX
kinetics can be described on the base of JMAK analysis much
similar to conventional SRX.[10,153,155] An increase in the strain
and/or strain rate markedly promotes the MDRX development. A
decrease in the grain size also accelerates the MDRX kinetics,
although the grain size effect is not so pronounced.[153]Figure 29. Typical microstructures evolved in a 22Cr–10Ni austenitic
stainless steel subjected to hot compression to a strain of 1.2 at 1323 K a)
and 304-type austenitic stainless steel subjected to multidirectional
forging to total strain of 4 at 773 K. The red and black lines correspond to
the CSL Σ3 boundaries and ordinary grain boundaries, respectively.[51,158]4. Grain Boundary Misorientation Distribution
4.1. DRX Grain Boundaries
Typical grain boundary networks and corresponding grain
boundary misorientation distributions in austenitic stainlessAdv. Eng. Mater. 2018, 20, 1700960 1700960 (1steels with DRX microstructures are shown in Figure 29 and 30,
respectively.[51,157,158] The deformation microstructure evolved
through discontinuous DRX (hot working conditions) consists of
various boundaries, including a number of low-angle subboun-
daries and twin-related Σ3n CSL boundaries in addition to
ordinary high-angle grain boundaries (Figure 29a). Correspond-
ing boundary misorientation distribution can be considered as a
summation of three specific misorientation distributions, which
are associated with different structural elements (Figure 30a).
These distributions include the misorientation distribution with© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim8 of 27)
Figure 30. Grain boundary misorientation distributions in a 22Cr–10Ni
austenitic stainless steel subjected to hot compression to a strain of 1.2 at
1323 K and a 304-type austenitic stainless steel subjected to multidirec-
tional forging to total strain of 4 at 773 K.[51,158]
Figure 31. Schematic representation of variations in the fractions of high-
angle boundaries (FHAB) and Σ3 CSL boundaries (FCSL) in austenitic
stainless steels subjected to cold to hot deformation.[51]
www.advancedsciencenews.com www.aem-journal.coma large peak against small angles that is typical of well developed
deformation substructures, a random misorientation distribu-
tion with a broad peak at 45 (Mackenzie distribution[159])
and the misorientation distribution with a sharp peak at 60
corresponding to annealing twins. The latter ones form by a
migrating boundary as a result of growth accidents during
discontinuous DRX.[160–163]
In contrast to discontinuous DRX, the ultrafine grained
microstructure evolved during warm working accompanied by
continuousDRXischaracterizedbyanetworkof low- tohigh-angle
(sub)grain boundaries with a quite few twin-related boundaries
(Figure 29b). The distribution of the boundary misorientations
developed by continuous DRX includes a sharp peak correspond-
ing to low-angle deformation subboundaries (Figure 30b). It is
worth noting that the strain-induced high-angle boundaries with
misorientations above 15 are characterized by almost the sameAdv. Eng. Mater. 2018, 20, 1700960 1700960 (1fractions for different misorientations. Similar misorientation
distributions were frequently observed for strain-induced grain
boundaries evolved through continuousDRXunder conditions of
warm working or severe plastic deformation.[10,57,61,74,118,164–166]
Generally, the effect of DRX mechanism on the development
of ordinary high-angle grain boundaries (FHAB) and twin-related
Σ3n boundaries (FCSL) in austenitic stainless steels can be
discussed as follows (Figure 31). Three DRX mechanisms
correspond to different power law functions with grain size
exponents of about 0.7 for discontinuous DRX during hot
working, 0.3 for continuous DRX during warm working, and
1.0 for grain refinement during severe plastic deformation. On
the other hand, the size of deformation subgrains can be related
to the flow stress through a unique inverse function irrespective
of deformation temperature (s. Figure 18). Therefore, the
fraction of strain-induced high-angle grain boundaries should
increase with decreasing the deformation temperature in the
range of discontinuous DRX because a ratio of D/d decreases.
Correspondingly, a decrease in the grain boundary mobility with
decreasing temperature results in a grain growth cessation and,
therefore, the fraction of Σ3n CSL boundaries decreases.
Continuous DRX is characterized by the different grain size
dependence on the flow stress. Namely, the grain size rapidly
approaches the subgrain size with an increase in the flow stress
(i.e., a decrease in the deformation temperature or an increase
in Z). The fraction of high-angle grain boundaries, therefore,
should approach 1, while the fraction of Σ3n CSL boundaries
becomes negligibly small. An example of the changes in the
fractions of ordinary high-angle grain boundaries and twin-
related Σ3n CSL boundaries in the DRX microstructures that
develop in an austenitic stainless steel during warm to hot
working is shown in Figure 32.[51] It is clearly seen in Figure 32
that the fraction of ordinary grain boundaries increases, while© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim9 of 27)
Figure 32. Fractions of high-angle boundaries (FHAB) and Σ3 CSL
boundaries (FCSL) in a 22Cr–10Ni austenitic stainless steel as functions of
temperature-compensated strain rate (Z).[51]
www.advancedsciencenews.com www.aem-journal.comthe fraction of Σ3n CSL boundaries decreases to almost zero as Z
increases. After severe plastic deformation, the ultrafine grains
seem to be entirely bounded by high-angle boundaries,[65,167]
leading to FHAB approaching one, although ultrafine grained
and nanocrystalline materials that develop by severe plastic
deformation are commonly characterized by a saturation of FHAB
at 0.6–0.8 that is below 1.0.[10,141] Any annealing twins and
related Σ3n CSL boundaries are hard to evolve during cold
working and their fraction should approach zero with a decrease
in the deformation temperature, although the deformation twins
can be developed during severe plastic deformation.Figure 33. The grain boundary misorientation distributions developed in
a 304-type austenitic stainless steel subjected to multidirectional forging
at 773 K and annealing at 1073 K or 1273 K. The random misorientation
distribution is indicated by the dashed lines.[158]4.2. Post-DRX Annealing
Dependingon theDRXmicrostructure, the subsequent annealing
is accompanied with either discontinuous or continuous post-
DRX recrystallizations that commonly result in grain coarsen-
ing.[10,128,147] The high rate of the grain coarsening at early post-
DRX annealing decreases during heat treatment, approaching
that usually reported for normal grain growth at late annealing
stages.[10,147] Typical misorientation distributions evolved in an
austenitic stainless steel during post-DRX annealing are shown in
Figure 33.[158] The changes in the grain boundary misorientation
distribution are associated with a decrease in the fraction of low-
angle subboundaries, which are readily consumed by growing
DRXgrains, andan increase in the fractionofΣ3nSCLboundaries,
which are associatedwith the development of annealing twins as a
grain growth accidents (cf. Figure 30, 33).4.2.1. Annealing Twin Frequency
The annealing twins frequently appear in austenitic stainless
steels during recrystallization and grain growth. Taking theAdv. Eng. Mater. 2018, 20, 1700960 1700960 (2probability of twin appearance as a functionof the rate of boundary
motion, the fraction and number of Σ3n CSL boundaries per
unit areahavebeen shownbeing functions of thegrain size ratio of
D/D0, where D is the grain size after annealing and D0 is the
original grain size before annealing.[11,158]
FCSL ¼
NCSL0 þ K ln DD0













where K 0 is a coefficient, NCSL0 ¼ (FCSL0 1–1)1, and
FCSL0 are the number and fractions of Σ3
n CSL boundaries
in an original grain, respectively. Note here, that Equation 6© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim0 of 27)
www.advancedsciencenews.com www.aem-journal.comapproaches that obtained by Pande et al.,[160] when the
second term goes to zero, for example, in the case of primary
SRX.
Equations 5 and 6 predict both FCSL and ρCSL rapidly
increasing at the beginning of grain growth. Then, the rate of
FCSL increase gradually decreases suggesting a monotonous
increase in FCSL with increasing the grain size. On the other
hand, ρCSL quickly attains its maximum at a ratio ofD/D0 around
2.5 and, then, steadily decreases approaching zero when the
grain size tends to infinity. The value of K depends on SFE and
the rate of boundary motion. Practically, materials with smaller
SFE and/or faster boundary migration are characterized by
more frequent annealing twins. Figure 34 and 35 show
the experimental values of FCSL and ρCSL (various symbols) as
functions ofD/D0, respectively, along with those (shown by solidFigure 34. Relationship between the fraction of Σ3 CSL boundaries and
the grain size ratio (D/D0) in stainless steels subjected to cold rolling (CR)
or warm multidirectional forging (MDF) and then annealed at indicated
temperatures.[11]
Figure 35. Relationship between the density of Σ3 CSL boundaries and
the grain size ratio (D/D0) in stainless steels subjected to cold rolling (CR)
or warm multidirectional forging (MDF) and then annealed at indicated
temperatures.[11]
Adv. Eng. Mater. 2018, 20, 1700960 1700960 (2lines) predicted by Equations 5 and 6.[11] The predicted values of
FCSL and ρCSL were calculated taking the numerical factors as
K¼ n1, where n is the grain growth exponent, that is, K¼ 0.25
for cold rolling and K¼ 0.5 for multiaxial warm forging from
Figure 26 and 27. It is clearly seen in Figure 34 and 35 that
the tendencies predicted by Equations 5 and 6 are perfectly
confirmed by the experimental measurements. Note here that
similar change in the annealing twin density with the grain size
and/or annealing time has been observed in various metallic
materials with low SFE.[162,168] Thus, a grain size ratio of D/D0
can be used as an exclusive parameter, which determines the
fraction and density of twin-related boundaries in austenitic
stainless steels with relatively low SFE during post-DRX
annealing irrespective of DRX mechanisms operated during
previous deformation.© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1 of 27)
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5.1. DRX under Warm to Hot Working Conditions
Decreasing the temperature in the range of warm to hot working
conditions results in significant strengthening of austenitic
stainless steels.[9,60,61,169–171] Arbitrary selected engineering
stress–elongation curves obtained by tensile tests of 304 and
316-type austenitic stainless steels processed by large strain
warm to hot rolling are shown in Figure 36.[9] The steels
demonstrate almost the same strengthening ability upon warm
to hot working. The offset yield strength after rolling at 773K is
more than two times higher than that for the steels processed at
1273K. The strengthening during plastic deformation under
warm working conditions is generally accompanied by a
plasticity impairment. The total elongations decrease to about
10%. The high dislocation densities evolved by warm working
provide significant strengthening owing to restriction of further
dislocation motion and, on the other hand, limit subsequent
dislocation accumulation and impair plasticity. Following
yielding, the steels rolled at temperatures below 0.5Tm (about
873K) exhibit a quite short strain hardening stage during the
tensile tests, resulting in the ultimate tensile strength being close
to the yield strength.
The strengthening of austenitic stainless steels subjected to
large strain warm to hot working is associated with the grain
refinement as well as the dislocation substructures created
during plastic deformation depending on the DRXmechanisms.
Therefore, the offset yield strength (σ0.2) can be related to the
grain size through the modified Hall–Petch relationship taking
into account the substructural (dislocation) contribution.[172–175]
The substructural strengthening, which is commonly expressed
as a power law function of dislocation density (ρ),Δσρ¼ αGb ρ0.5,
where α is a numerical factor and G and b are shear modulusFigure 36. Tensile stress–strain curves for 316L-type and 304L-type
stainless steels subjected to warm caliber rolling at different temperatures
(RT).[9]
Adv. Eng. Mater. 2018, 20, 1700960 1700960 (2and Burgers vector, respectively, has recently been successfully
used for calculation of flow stresses of various austenitic
steels including those exhibiting complex inhomogeneous
microstructures.[176–180] It is commonly accepted that a unique
relationship is generally held between dislocation density
and subgrain (cell) size, that is, d ρ0.5.[181–184] Then, the
substructural strengthening can be represented by either
dislocation density or subgrain size. Therefore, the modified
equation for the offset yield strength includes three terms:
σ0:2 ¼ σ0 þ keD0:5 þ α1Gbðρ0:5 þ α2d1Þ ð7Þ
Here, σ0 includes Peierls stress, solid solution and dispersion
strengthening, and ke is a grain size strengthening factor.
The dynamic grain size that develops in various metallic
materials including austenitic stainless steels during warm to
hot working accompanied by DRX can be expressed by a power
law function of the flow stress with a grain size exponents of
approx. 0.7 or 0.3 depending on the deformation conditions,
whereas a power law function with an exponent of 1 is
generally held between the flow stress and subgrain size
(s. Figure 18). This should lead to a unique power law
relationship between the grain and subgrain sizes that
developed through DRX with grain size exponents of 0.7 and
0.3 for discontinuous and continuous DRX, respectively.
The mutual relationships between the grain size, the subgrain
size, and the dislocation density suggest a universal approach to
the strength prediction for warm to hot worked metals and
alloys, that is, the strength can be evaluated by using either
anyone of structural parameters or their arbitrary selected
combination.[9,172–175,185–194]5.2. Ultrafine Grained Steels by Severe Plastic Deformation
and Subsequent Annealing
The grain refinement down to nanometer scale is one of the
most advanced approaches for outstanding strengthening of
austenitic stainless steels.[92–96,195–202] The strengthening owing
to the development of ultrafine grained structures in course of
plastic deformation is commonly attributed to both decreased
grain size (structural or boundary or grain size strengthening)
and increased dislocation density (substructural or dislocation
strengthening) much similar to that in the DRXmicrostructures
after large strain warm to hot working and can be expressed by a
modified Hall–Petch type relationship such as Equation 7. Since
the dislocation density in largely strained steels correlates with
the density of grain boundaries, the yield strength of austenitic
stainless steels subjected to cold to hot working can be roughly
expressed by a linear function of inverse square root of the
grain size in a wide range of grain sizes from conventional
micrometer scale to nanometer scale.[93] In this case, the grain
size strengthening factor should be somewhat higher than that
in coarse grained statically recrystallized steels because of
additional effect of high dislocation density. It is interesting to
note that ultrafine grained austenitic stainless steels processed
by severe plastic deformation with subsequent annealing
are characterized by rather high grain size strengthening
factors much similar to those obtained after large strain© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2 of 27)
www.advancedsciencenews.com www.aem-journal.comdeformations.[93,149] Such an increase in the strength of ultrafine
grained steels can be attributed to dislocation substructures,
which remain during continuous recrystallization and are
responsible to incomplete softening of apparently recrystallized
microstructures.[149]
It should be noted that an increase in strength of metallic
materials is generally accompanied by degradation of their
ductility.[93,95,175,198] Therefore, the required combination of
strength and ductility, can be obtained after controlled thermo-
mechanical treatment including a post-deformation annealing
resulting in beneficial microstructure. Several typical examples
of achievable strength in conventional austenitic stainless steels
owing to ultrafine grained microstructures developed by large
strain deformations and subsequent annealing are listed in
Table 1.[92,93,95,119,195,196,198,201,203,204]
The development of nanocrystalline structure in austenitic
stainless steels through severe plastic deformation results in
outstanding strengthening with the yield strength above
2000MPa.[92,93] The most impressive results on improvement
of mechanical properties by severe plastic deformation were
reported for nanostructured metallic materials, which were
processed by torsion under high pressure at room tempera-
ture.[119,196] The tensile stress–strain curves obtained by using




SUS316 Multiple forging at room temperature 5
SUS316 Multiple forging at 73 K 4
316 Torsion (e¼ 260) under high pressure at room temperature 4
316 Torsion (e¼ 260) under high pressure at 673 K 9
316L Rolling (e¼ 3) at room temperature Two p
80 (au
70 (ma
316L Rolling (e¼ 3) at 573 K 1
316LN Rolling (90%) þAnnealing at 1173 K 20
304 ECAP (e¼ 8) at 773 K 80–
304 ECAP (e¼ 8) at 773 K þAnnealing at 973 K 100
304 ECAP (e¼ 8) at 773 K þAnnealing at 1023 K Bim
350
1400
304L Rolling (e¼ 3) at room temperature Two p
145 (au
115 (ma
304L Rolling (e¼ 3) at 573 K 2
S304H Multiple forging (e¼ 4) at room temperature 3
S304H Multiple forging (e¼ 4) at room temperature þAnnealing at 773 K 5
S304H Rolling (e¼ 4) at room temperature Two p
50 (au
50 (ma
S304H Rolling (e¼ 4) at room temperature þAnnealing at 973 K 1
S304H Torsion (e¼ 230) under high pressure at room temperature 2
S304H Torsion (e¼ 230) under high pressure at 673 K 2
Adv. Eng. Mater. 2018, 20, 1700960 1700960 (2processed by cold rolling and torsion under high pressure are
shown in Figure 37.[93,119] The cold rolled sample exhibits a high
yield strength of 2050MPa and very small total elongation of 5%.
The stress–strain curve is characterized by a well-defined peak at
small strain followed by rapidly decreasing stress until fracture.
On the other hand, the sample subjected to torsion under high
pressure demonstrates beneficial combination of strength and
ductility, for example, high ultimate tensile strength of 1950MPa
with rather large total elongation of 15%. The enhanced ductility
after torsion can be attributed to suppression of strain-induced
martensite transformation by high pressure (s. Figure 17).
The nanocrystalline structures developed in austenitic
stainless steels by means of severe plastic deformation are
rather stable against discontinuous grain growth upon subse-
quent heating.[93,149,202,204] The ultrafine grained steels subjected
to large strain deformation and annealing may exhibit beneficial
combination of strength and ductility.[203,204] The improved
strength-ductility relation in the ultrafine grained steels has been
attributed to enhanced strain hardening owing to partial
dislocation slip[197] and/or deformation twinning.[204] It should
be noted that nanocrystalline microstructures in metastable
austenitic stainless steels processed by severe plastic deforma-
tion are stabilized against annealing coarsening by strain-
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Figure 37. Tensile stress–strain curves of a 304-type stainless steel
subjected to caliber cold rolling or torsion under high pressure (HPT).[119]
www.advancedsciencenews.com www.aem-journal.commicrostructure. Such austenite-martensite/ferrite microstruc-
ture is particularly stable during subsequent annealing at
temperatures up to 973K because of impingement of grains
of different phases.[93,149] Besides retaining the ultrafine
grains, recovery annealing leads to the annihilation of mobile
dislocations and a relaxation of the grain boundaries that has
been suggested to result in apparent annealing hardening.[205]
Mo–Cr–Si rich grain boundary segregations that evolve in
severely strained austenite stainless steels during annealing at
moderate temperatures can reportedly lead to further enhance-
ment of the yield strength.[196,206] Improvement of the strength-
ductility combination can also be achieved by means of bimodal
microstructure, which can be developed in severely strained
steels by subsequent heat treatment.[203,207–209] Therefore, the
ultrafine grained austenitic stainless steels with different grain
sizes and various levels of residual stresses can be easily obtained
by an appropriate combination of cold to warm working and
annealing.6. Summary and Perspectives
Austenitic stainless steels are commonly characterized by rapid
kinetics of grain refinement during plastic deformation in a wide
range of processing conditions from cold to hot working.
Therefore, the desired microstructures with appropriate grain
size can be obtained in steel semi-products through conventional
processing methods. The rapid development of discontinuous
DRX under conditions of hot working results from low SFE
that suppresses dynamic recovery and promotes the nucleation
of discontinuous DRX. On the other hand, the deformation
microbands and corresponding strain gradients assist the
evolution of strain-induced high-angle boundaries and advance
the development of continuous DRX under conditions of warmAdv. Eng. Mater. 2018, 20, 1700960 1700960 (2working. Deformation twinning and strain-induced martensitic
transformation in austenitic stainless steels lead to rapid grain
subdivision under conditions of cold working. Thus, these steels
can be easily processed in nanocrystalline state by using ordinary
methods of severe plastic deformation like rolling or forging.
In spite of great efforts in studying the DRX mechanisms and
DRX microstructures in austenitic stainless steels, the kinetics
of DRX development should be a subject of further comprehen-
sive investigations, especially, for cold to warm working
conditions, in order to incorporate the research achievements
into advanced processing technologies.
The grain refinement through DRX development under
conditions of cold to hot working results in substantial
strengthening of austenitic stainless steels. The strengthening
owing to DRX development is associated with both a decrease in
the DRX grain size and an increase in the dislocation density
in DRX grains. The grain size and dislocation density in DRX
steels depend sensitively on deformation conditions and can be
estimated using appropriate relationships with the flow stress or
temperature compensated strain rate. Unique relationships
that generally hold between the deformation conditions and
evolved microstructure/substructure make possible predicting
the strength of austenite stainless steels subjected to large strain
cold to warm working. However, the quantitative evaluation of
the strength of the ultrafine grained steels processed by large
strain deformation requires further elaboration of the strength-
ening mechanisms, taking into account possible reduction of
different contributions in the case of their concurrent operation.
The effect of recovery annealing and grain boundary segrega-
tions on the yield strength of ultrafine grained steels subjected to
severe plastic deformation is also of great importance because it
may lead to unexpected extra strengthening along with ductility
degradation.
Another important application of DRX and post-DRX for
processing of advanced austenitic stainless steels is associated
with grain boundary engineering. It should be noted that grain
boundary engineering of austenitic stainless steels commonly
utilizes primary static recrystallization following small strain
deformation and, therefore, deals with coarse grained structures.
On the other hand, the grain/subgrain boundary assemblies in
the austenitic stainless steels can be directly controlled by
appropriate sequences of the DRX and post-DRX treatments.
Annealing twins readily evolve in the steels during recrystalliza-
tion and/or grain growth owing to low SFE. Thus, the required
grain/subgrain boundary distributions can be developed even in
ultrafine grained steels, widening the range of mechanical-
functional property combinations.Acknowledgement
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